The New York Harbor Observation and Prediction System, now in its 3 rd generation (NYHOPS v3), combines a network of real time sensors and a hydrodynamic forecasting computer model to assess prevailing ocean, environmental and meteorological conditions and to provide long and short term forecasts of the mentioned conditions. The older NYHOPS v2 model used spatially uniform surface heat flux forcing. Barometric pressure gradient forcing has also been neglected. The scope of this work was to assess sensitivity of the NYHOPS Sea Surface Temperature (SST) predictions to the spatial variability of the surface boundary condition. We compared two runs using different meteorological forcing: 1) Spatially varying wind stress and air pressure forcing, but spatially uniform heat flux forcing for the entire NYHOPS region (NYHOPS v2 surface boundary conditions with air pressure). 2) Spatially varying wind stress, air pressure, and heat flux forcing (NYHOPS v3 surface boundary conditions with air pressure).
Introduction
The New York Harbor Observation and Prediction System (NYHOPS) can be considered to consist of a network of sensors and an estuarine and coastal ocean The sensor network comprises of surface and bottom sensors, data buoys and Acoustic Doppler Current Profilers (ADCP) for measurement of pressure, currents, salinity and water temperature. It also includes a CODAR (high frequency radar) system for the measurement of currents and waves on a broad scale. In addition to the above equipments, it also utilizes the facilities of commuter ferries with onboard sensors to measure salinity and temperature. Continuous observations of meteorological conditions are obtained from weather stations.
The modeling system is based on the Estuarine Coastal and Ocean Model (ECOMSED) which has been derived from the Princeton Ocean Model (Blumberg and Mellor 1987) . The NY/NJ Harbor, the Hudson River Estuary up to the Troy Dam, the Long Island Sound and the NY Bight up to the continental shelf fall within its spatial coverage.
Forcing in the NYHOPS system includes 93 river systems, 241 fresh water discharges, and 39 power plants (Georgas and Blumberg (2010, this issue) ). Spatially varying time sequential wind stresses are provided from the data extracted from the output of North American Mesoscale (NAM) meteorological model. Surface heat fluxes are calculated based on QUAL-2E-type formulations (Georgas and Blumberg 2008 ) from meteorological parameters provided by NAM and oceanographic parameters calculated by NYHOPS: wind speed, air temperature, relative humidity, cloud cover and parameterized short wave solar radiation are used. The NYHOPS v2 model used spatially uniform heat flux: one dimensional, time sequential heat flux input near the JFK airport was extracted from NAM, JFK being centrally located in the NYHOPS domain. NYHOPS v2 also neglected direct atmospheric pressure load.
The objectives of the work presented herein were the following: 1) To improve the NYHOPS sea surface temperature (SST) predictions by studying the sensitivity of NYHOPS to the following time sequential NAM-based meteorological forcings: a) Spatially varying wind stress and air pressure, but spatially uniform heat flux in the entire NYHOPS region. (NYHOPS v2 surface boundary condition with air pressure) b) Spatially varying wind stress, air pressure and heat flux (air temperature, relative humidity, cloud cover and the parameterized short wave solar radiation) (NYHOPS v3 surface boundary condition with air pressure). 2) To assess the SST obtained from the geostationary satellite GOES 12 against insitu observations. 3) To compare the performance of the NYHOPS modeled SST with above meteorological forcings against SST obtained from GOES12 satellite, thereby creating a procedure for evaluation of NYHOPS predicted SST against satellite SST.
The period chosen for this study was from March 1, 2007 to June 17, 2007.
Data Preparation

Data Preparation for model forcing
The meteorological data were taken from the outputs of the NAM model. The Weather Research and Forecasting (WRF) -based NAM currently runs with 12 km horizontal resolution and three hours temporal resolution.
These data were in standard world meteorological organization Gridded Binary (GRIB) format. WGRIB, an operational National Centers for Environment Prediction (NCEP) program was used to decode the GRIB files and the same were put in the ASCII and binary formats as required by the NYHOPS model input file formats. The NAM data had u and v components of the wind velocity, barometric pressure, air temperature and relative humidity data at its grid nodes. Since these grids were different from the NYHOPS grid, the data were interpolated to the NYHOPS grid (Figure 1 ). The individual day data files were concatenated with increasing time step in the evaluation period.
Figure 1. NAM and NYHOPS model grids Preparation of Satellite SST data
The SST data of GOES 12 satellite, which covers the eastern region of the United States, were used for assessment of the performance of Satellite SST against in-situ SST taken from National Data Buoy Center (NDBC) stations. The validated GOES SST was then used for assessing the performance of NYHOPS modeled SST in the entire NYHOPS domain.
The source of the data was the Global Ocean Data Assimilation Experiment data sponsored by the Office of Naval Research. The time frame of acquired data was March 1, 2007 to June 17, 2007. The National Oceanographic and Atmospheric Administration's (NOAA) office of Satellite Data Processing and Distribution generates SST from the images retrieved from the GOES satellite. A new cloud masking methodology based on a probabilistic (Bayesian) approach is used for improved retrieval accuracy. This algorithm provides SST with a probability of cloud contamination (Merchant et al 2004) .
The satellite data were mapped to the NYHOPS grid nodes using the nearest neighbor algorithm. Data were not available for the Hudson River estuary grid nodes. After mapping the available data to the NYHOPS grid nodes, they were matched within ±30 minutes to the NYHOPS modeled SST hourly output time step and thereafter used to create an hourly persistent time series (hourly gaps filled with the preceding value between two available time steps). NOAA's National Ocean Service's (NOS) skill assessment software was thereon used to assess the satellite SST against in situ observations.
Methodology for Model Performance Assessment
Skill Assessment
Model skill assessment (Hess et al 2003) , as the name suggests, is the measurement of performance of the model validated against observations. The National Ocean Service (NOS) has developed a software package to check the performance of oceanographic models. The observed data from relevant stations were retrieved for analysis. The parameters sea surface elevation, water temperature, salinity, and currents can be handled by this software. Tidal prediction, harmonic analysis, gap filling for missing data and filtering routines are included. Three methods for gap filling have been provided in the package namely linear interpolation, cubic spline interpolation, and singular value decomposition (SVD). In the present analysis SVD has been used as for larger gaps it gives better results. Fourier filtering is used to remove short period variations and noise extrema values. Figure 2 shows the stations chosen for NYHOPS SST performance comparison among the three NYHOPS runs, i.e., the NYHOPS v2, NYHOPS v2 with spatially varying time sequential air pressure, and NYHOPS v3 surface boundary conditions with spatially varying time sequential air pressure. Station names are listed in Table 2 . For the purpose of assessing Satellite SST, the three NDBC stations of Table 2 (stations 11-13) were chosen.
Figure 2. Observation stations used in this study
Performance Assessment of NYHOPS modeled SST against Satellite SST
Assessment of the performance of NYHOPS modeled SST against Satellite SST was carried out in two steps: 1) Skill assessments of persistent Satellite SST data and NYHOPS modeled SST were carried out against observed SST separately at the above mentioned three NDBC stations.
2) The available Satellite data were matched within ±30 minutes timeframe of the NYHOPS SST (creating non persistent series). A spatial comparison over the NYHOPS region was performed between the Satellite SST available in NYHOPS domain and the NYHOPS SST at the corresponding grid nodes.
A correlation between Satellite SST and NYHOPS SST was calculated at all the NYHOPS grid nodes where satellite data were available. Some stations were eliminated from the analysis based on a hypothesis test. Only those stations were included that had enough satellite data to test whether significant correlation existed between NYHOPS SST and the time matched Satellite SST.
The claim that was tested was "There is significant linear correlation"
The parameter used for linear correlation is r (Bobko 2001) :
r has a t distribution with n-2 degrees of freedom, and the test statistic is given by:
with n-2 degrees of freedom.)
Root Mean Square (RMS) differences ("errors") between NYHOPS SST and Satellite SST were also calculated in the NYHOPS domain to observe the spatial variability.
Results
Performance Assessment of NYHOPS modeled SST against in-situ observations
The previously mentioned NOS skill assessment software was used to obtain the RMS errors between the modeled SST against the observed SST for the following three model cases with different forcings.
1) NYHOPS v2 run
2) NYHOPS v2 with spatially varying time sequential air pressure run 3) NYHOPS v3 with spatially varying time sequential air pressure run
The modeled hindcast temperatures met the NOS standards for all the model runs as all the statistical variables were within the accepted limits as defined in the NOS acceptance criteria. The skill ranged from 0.96 to 1 for almost all the stations and for all the models. The SST performance of the model improved with inclusion of the spatially varying heat flux in NYHOPS v3. The central frequencies in all cases were 100% with the accepted magnitude of the error being 3ºC (Patchen 2007) . As the central frequency and skill values for different models were similar at different stations, RMS error values were used to compare the performance of the NYHOPS runs. As can be seen from Figures 3 and 4 , when the model is run with spatially varying time sequential heat flux forcing, it performs better (approximately 60% reduction in SST RMS errors) in comparison to a run without the spatially varying heat flux forcing. As a result, it can be said that NYHOPS v3 run performs better than NYHOPS v2 as well as NYHOPS v2 with spatially varying air pressure runs in predicting sea surface temperature. The skill values for persistent Satellite SST data compared to observations at the three NOAA NDBC stations ranged from 0.97 to 0.99. All other statistical variables were within NOS standards as defined in the Skill Assessment section. In addition, Figure 11 represents the average of the RMS error values provided with the satellite data (Satellite/Observation) (Merchant et al 2004) . It can be observed that the Figure 8 shows the variability of the satellite SST in the study period. The gaps in the following figures are more than those in Figure 7 . These are the grid cells where the numbers of satellite SST data collected within the evaluation period were less than 10. The number 10 was chosen on the basis of the hypothesis test explained earlier.
Figure 8. Standard Deviation of the Satellite SST data Spatial Performance Assessment of NYHOPS models
Another objective was to compare the performance of NYHOPS forced with spatially uniform (NYHOPS v2) against spatially variable (NYHOPS v3) heat flux forcing in the full NYHOPS domain. For this purpose, RMS errors between the respective modeled SSTs against Satellite SSTs were calculated in the entire NYHOPS domain after matching the available satellite SST within ±30 minutes of the NYHOPS hourly output time step. It can be observed by comparing Figures 9 and 10 that in the entire NYHOPS domain the modeled SST performance improves in the NYHOPS v3 run. This is reflected by reduction in the compared SST RMS errors in the NYHOPS v3 case.
To further assess the above results, the strength of linear correlation between modeled SST and Satellite SST in the entire NYHOPS domain with available satellite SST data was tested. Correlation coefficient spatial plots were made for the grids for which it could be said with 95% confidence that a significant correlation existed between the matched NYHOPS v2 and NYHOPS v3 modeled SST data respectively with the Satellite SST (Figures 12 and 13) . The correlation coefficients for NYHOPS v3 modeled SST against satellite SST were higher than the correlation coefficients for the NYHOPS v2 modeled SST. This complemented the RMS error plots. Figure 9 represents the RMS errors obtained on comparison of satellite SST against NYHOPS v2. Figure 10 represents the RMS errors obtained on comparison of satellite SST against NYHOPS v3 modeled SST. Figure 11 represents the average of the SST RMS error values given alongside the satellite data (Satellite/Observation) (Merchant et al 2004) . This represents the inherent RMS error induced in the satellite data during extraction of the data from satellite images. Figure 12 represents the strength of linear correlation between the satellite SST and NYHOPS v2 modeled SST. Figure 13 represents the strength of linear correlation between the satellite SST and NYHOPS v3 modeled SST.
Conclusions
The study shows that Sea Surface Temperature prediction improved immensely (~ 60% error reduction) on inclusion of the spatially varying time sequential heat flux into NYHOPS (NYHOPS v3).
The geostationary satellite GOES 12 provides relevant SST data in the NYHOPS offshore region.
The NYHOPS sea surface temperature (SST) was also compared with GOES12 satellite SST. The NYHOPS-modeled and the satellite-inferred SST were tested for skill against in situ observation SST. The error ranges were found to be similar, indicating that NYHOPS provides an effective SST prediction tool. 
